Abstract
Introduction

1
The past sesquidecade has witnessed widespread applicability of pulse electron paramagnetic 2 resonance (EPR) spectroscopy techniques [1] throughout scientific disciplines, from its founding 3 realm of physics to the fields of chemistry, materials science, biology and medicine.
4
Commercialization of spectrometers at multiple operating frequencies, in combination with pulse 5 sequences designed to manipulate and extract information from spin systems, has produced a 6 mature field where formerly esoteric, but now routine experiments can investigate the molecular [5] [6] [7] [8] [9] [10] , have been used to demonstrate that pulse shaping in EPR spectroscopy presents several 13 advantages over traditional experiments (i.e., those restricted to rectangular-like pulses). trains [6, [14] [15] [16] , for pre-polarization of high-spin systems [17] and also for the use of an entirely 21 new dipolar pathway in the experiment [18] . Optimal control theory has been employed in Fourier
22
Transform-EPR to account for the spectrometer response function [3] . Finally, three-dimensional 23 experiments, using ultra-wideband pulses to excite large hyperfine splittings, also have been 1 demonstrated [19] . Most of these experiments were performed at either X-band (approximately 2 9.5 GHz) or Q-band 1 (34 GHz in the EPR community) operational frequencies.
3
The Q-band frequency is uniquely advantageous for measurements using the nitroxide radical, 4 a common spin label/probe [20] used to investigate biomolecule dynamics in conjunction with 5 EPR spectroscopy. In this frequency band, neither the Zeeman interaction nor the hyperfine 6 interaction outright dominates the nitroxide spectrum so that an intermediate regime exists [21] . High-field EPR spectroscopy (frequencies at or above 95 GHz (W-band)) requires careful data 8 analysis due to orientation selection effects, whereas at lower frequencies (X-band or lower) the 9 spectrum narrows considerably, to the point of negligible g-anisotropy, so that care must be taken 10 to avoid band overlap in dual-frequency experiments (e.g. DEER), necessitating a compromise in 11 excitation bandwidths to collect spectra free from artifacts. For multi-frequency microwave 12 experiments targeted towards elucidating hyperfine couplings (e.g. electron double resonance
13
(ELDOR)-detected nuclear magnetic resonance (NMR)), the increase in the nuclear Zeeman 14 frequency at Q-band, relative to X-band, aids in shifting signals away from the central hole of the 15 spectrum [22, 23] . As a final example, pulsed EPR techniques used to detect low frequency 16 hyperfine couplings, namely electron spin echo envelope modulation (ESEEM) and hyperfine 17 sublevel correlation spectroscopy (HYSCORE), suffer from a reduction in modulation depths at 18 higher frequencies, and the necessity of larger B1 fields to excite forbidden transitions, but an 19 advantage may be obtained through resolution of closely spaced multi-nuclear peaks.
20
Additionally, in certain situations, the 'cancellation limit' is achieved at Q-band [24, 25] Figure 1 shows the basic block diagram of our spectrometer system, with components used for 16 CW (blue), pulsed mode (red), and both modes (purple). The component list is provided in Table   17 1. 2 For clarity, the block diagram specifically omits microwave switches (Tx Mute and Rx Mute) Certain commercial equipment, instruments, or materials are identified in this paper to specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose. SSPA, and built-in Tx and Rx power monitors.
22
The highlight of our system is the versatile bridge design ( Figure S6) MHz for tuning to the resonator's resonant frequency, resulting in the intuitive power vs frequency 5 scan displayed by the control software. This traditional tuning method was chosen for its simplicity 6 although it has been demonstrated that an AWG chirp pulse (i.e. a pulse solely modulated using a synthesizer and RF generator for CW operation and, in pulse mode, the AWG.
11
The main benefit of the NIST spectrometer is that the bridge is a commercial transceiver with example, we performed an exercise to detect a Hahn echo of coal using a CW RF generator at the 17 bridge input and formed rectangular-shaped pulses using a microwave switch in the bridge (Tx
18
Mute, Figure S6 ), which allowed us to use our bridge like more conventional bridges that employ 19 pulse-switches to generate microwave pulses. The echo was detected by attenuating and phase
20
shifting the RF Generator output to provide the demodulator LO signal. After we had all parts on 21 hand, the entire experiment (re-configuration, measurement, restoration to normal configuration)
22
only took 2 h and did not require any software changes. setting of the instrument can be changed as a part of an experiment, providing flexibility in 9 experiment design.
23
10
The AWG engine in this control software uses pulse programming language (PPL) scripts to 11 represent microwave pulses, delays and detection triggers. Although the hardware aspect of using
12
AWGs is relatively straightforward, design of the user interface requires consideration of many 13 factors because AWG pulse patterns are multi-parametric and should be calculated both inside and 14 outside of the software. In the software, the simplicity of earlier developed PPL scripts is preserved 15 to achieve the desired flexibility of control without compromising the program's performance.
16
The software provides spectrometer tuning interfaces that control CW and pulse acquisition . In our software, timings are adjusted so that we observe a 3 low-power reflected pulse, the shape of which is used to qualitatively determine resonator over-4 vs under-coupling and Q factor. Currently, we use hardware-demodulated (described above) 5 signal detection in our system, but the software supports both hardware-and software-demodulated 6 detection.
7
Results
8
All chemicals were purchased from commercial suppliers and used without further 9 purification. All pulsed EPR measurements were performed using an over-coupled commercial 10 resonator with a maximum sample access of 3 mm and an active pulsed mode height of 16.5 mm.
11
The TWT amplifier was used for all pulsed experiments. The spectrometer performance was 12 experimentally verified with two routinely used and relatively complex pulse sequences, namely,
13
the DEER experiment, designed to measure electronic dipolar interactions, and the electron spin 14 echo envelope modulation (ESEEM) experiment, which measures nuclear hyperfine interactions.
15
In addition, the signal to noise (S/N) performance of the spectrometer in pulsed mode operation 16 was estimated from a primary echo obtained from a single shot (vide infra).
17
18
DEER Materials
19
Polypeptide sequences are given in Table 2 . These sequences have been demonstrated to fold 20 as single, stable alpha helices in aqueous environments [32] , affording a rigid biomolecular rod 21 with which to attach spin labels. Table 3 , was employed for all measurements. The refocused echo 8 generated after a time delay of 2τ1 + 2τ2 from the center of the first pulse was integrated over the the relative observe/pump frequency offsets). spin packets excited by the pump/observer center frequencies during the DEER experiment.
22
11
All pulses at the observer frequency were rectangular-shaped. The pulse issued at the pump 12 frequency was either rectangular-shaped, or a sech amplitude modulated tanh frequency modulated
13
[37] (sech/tanh) pulse, recognized as a highly selective broadband pulse.
[38] A sech/tanh pulse 14 can be described by its amplitude (ν1(t)) and frequency (fmw(t)) modulation functions: 
20
Over its duration, the sech/tanh pulse will invert spins sequentially as the instantaneous , while also maintaining a high adiabaticity factor.
5
For our peptide samples, the former restriction was addressed by setting the pulse duration to 100 6 ns, and the latter was met by using the maximum available power (main attenuator set to 0 dB) to In situ optimization of the amplitude truncation parameter (β) and the bandwidth of the 1 frequency sweep (Δf) for the sech/tanh pump pulse in four-pulse DEER. The pulse duration was set to 100 2 ns and the frequency offset is displayed in Figure 1 . η2P was recorded as the difference in the refocused 3 echo amplitude when the pump pulse was issued at time zero (V0, t = 2τ1) and at some later time (Vt, t = 4 2τ1 + 200 ns). At the maximum value of η2P, β = 5 and Δf = 75 MHz, and these parameters were input into 5 the sech/tanh pump pulse for both peptide samples. The A5-26 sample was used for this experiment. Right) 6
Digital upconversion, using the LO of the AWG (at 750 MHz), of the optimized pulse. 7 8
9
Figure 4: A9-22 sample -DEER time domain data and extracted distance distributions with error estimates, 10 using either a 37-ns rectangular-shaped (black) or the optimized sech/tanh (red) pump pulse. Left) 11
Validated form factors (F(t)). Grey curves, through application of Tikhonov regularization (TKR), 12 represent simulated time domain signals (S (t)) computed from the optimum distance distribution (P(r)) (for 13 a review of TKR, see [40, 41] ). Right) Distance distributions. A series of form factors were generated for 14 TKR, whereby all computations used a regularization parameter equal to 10. Combinatorial trials involving 15 variation of the starting time for background division (the background is fit to an exponential decay within 16 a set time interval), beginning at t = 240 ns and incrementing by 76 ns for 11 trials, and for 10 trials of 17 artificial introduction of noise into the experimental data through pseudorandom number generation using 18 a noise factor = 1.5, provided the series of form factors. Application of TKR to this series generated a 19 population of 110 distance distributions. A lower error estimate corresponding to the mean value of the 20 probability (‹r›) minus two times its standard deviation (σ) (dotted curve), an upper error estimate 21 corresponding to ‹r› + 2σ (dashed curve), and the optimum distribution with the lowest root mean square 22 deviation (solid curve) of S(t) to F(t) are shown. Grey error bars indicate the full variation of the probability 23 over all trials. Data analysis was performed using DeerAnalysis [42] . AWG programming and data 24 acquisition transpired in 624 s (black) and 563 s (red). 25 26 27 1 Figure 5 : A5-26 sample -DEER time domain data and extracted distance distributions with error estimates, 2 using either a 41-ns rectangular-shaped (black) or the optimized sech/tanh (red) pump pulse. Line-type 3 descriptors are the same as those in Figure 5 . AWG programming and data acquisition transpired in 659 s 4 (black) and 994 s (red). 
CW Performance 19
The CW capability of the spectrometer is demonstrated in Figure 6 , displaying spectra of a set relaxation time is long enough so that the echo may be conveniently observed at room temperature
10
(see Figure 7 for relaxation data), and the echo signal is intense enough to be observed with a 
Signal-to-Noise (S/N) Performance
19
Single shot electron spin echoes generated from the quartz sample were recorded using two 20 waveforms; hard monochromatic rectangular pulses, of 6 ns (π/2) and 12 ns (π) durations, were 21 used to generate a Hahn echo, while sech/tanh pulses calibrated to compensate for the resonator 
Conclusions
14
The NIST CW/pulsed Q-band spectrometer uses a microwave bridge with RF-in/RF-out design for routine use in the CNST user facility that integrates pulse shaping and operates at 34 GHz, 18 allowing a wide variety of conventional and advanced pulsed EPR measurements to be performed.
19
In so doing, our familiarity with the hardware design details will allow us to perform experiments 20 many years into the future by either astute utilization or extension of our design. 
